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ABSTRACT 

10 7 7 * 

Relative cross sections for B(n, a) Li, Li were obtained from measurements of 
the counting ratios of a 10 BF 3 proportional counter and a precision long counter used to 
monitor relative neutron fluxes. Monoenergetic neutrons were produced by a Van de 
Graaff accelerator in the energy region from 30 to 800 keV- When the relative cross 
sections are normalized to a 1/v variation below 80 keV, the data lie above a 1/v line 
from 80 to 550 keV indicating departures of 15 percent at 140 keV and 20 percent at 
220 keV. Recommended cross sections for 1 ^B(n, oO^Li, ^Li* up to 1 MeV are obtained 
from recently available measurements and the known levels in 1 ^B. 
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MEASUREMENT OF THE 10 B(n,a) 7 Li, 7 U* RELATIVE CROSS SECTIONS 

IN THE keV REGION 

by Donald Bogart and Lowell L. Nichols 1 ' 

Lewis Research Center 

SUMMARY 

10 7 7 afc 

Relative cross sections for B(n, a) Li, Li* were obtained from measurements of 
the counting ratios of a ^BFg proportional counter and a precision long counter used to 
monitor relative neutron fluxes. Monoenergetic neutrons were produced by a Van de 
Graaff accelerator in the energy region from 30 to 800 keV. When the relative cross 
sections are normalized to a 1/v variation below 80 keV, the data lie above a 1/v line 
from 80 to 550 keV indicating departures of 15 percent at 140 keV and 20 percent at 
220 keV. 

Measurements were also made of the relative efficiency of a modified long counter 
used by Bichsel and Bonner to monitor neutron flux in their measurements of the 

B(n, a) Li, *Li* cross sections. The Bichsel and Bonner cross sections also lie above 

a 1/v line from 80 to 220 keV when corrected for the efficiency of their flux monitor. 

10 7 7 Je 

Recommended cross sections for B(n, a) Li, ‘Li* up to 1 MeV are obtained from 
recently available measurements and the known levels in ^B. 


INTRODUCTION 

Because of the importance of the boron reaction as a neutron flux monitor in the 
measurement of capture cross sections in the keV region, ^B(n, a) cross sections have 
been measured by several methods recently. Mooring, Monahan, and Huddleston (ref. 1) 
measured the ratio of scattering to total cross sections and the total cross section to ob- 
tain the absorption cross section of 10 B. Cox and Pontet (ref. 2) reported an analysis of 
spherical shell transmission experiments to yield average values of the absorption cross 
section of 10 B. Macklin and Gibbons (ref. 3) arrived at values of the 1 ^B(n, aO ? Li, 7 Li* 
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cross section by reciprocity using measured Li(o!, n) B yields and (n, QfQ)/(n, a^y) 
branching ratios. 

Nellis, et al. (refs. 4 and 5) have measured differential cross sections for the pro- 
duction of the 0. 478-MeV gamma ray from and have obtained *®B(n, a^y) cross sec- 
tions in the region from 300 to 1000 keV. Applying available branching ratios to these 
data provides values of the *®B(n, a) cross section. Davis, et al. (ref. 6) measured the 
l^B(n, a^Li and ^B(n, o^y^Li* cross sections above 300 keV with a grid-type ioniza- 
tion chamber filled with ^BFg and argon using pulse-height spectra analysis. 

Until the more recent measurements, the only boron absorption cross sections in the 
lower kilovolt region had been those of Bichsel and Bonner (ref. 7) who employed a ^BFg 
proportional counter and Van de Graaff produced neutrons from 20 keV to 4 MeV. Rela- 
tive neutron fluxes had been monitored by a modified long counter using an efficiency that 
had been presumed to be constant with neutron energy. This modified long counter de- 
scribed by Bonner (ref. 8) had a much smaller surrounding paraffin thickness than the 
conventional long counter (ref. 9) and therefore would be expected to have an efficiency 
that varies considerably with neutron energy. Bogart (ref. 10) estimated an efficiency 
curve for this modified long counter that was necessary to remove discrepancies in sev- 
eral sets of reported capture cross sections for gold. The gold measurements had used 
the Bichsel and Bonner data for *®B as a flux monitor. The use of this estimated effi- 
ciency curve to correct the Bichsel and Bonner data suggested a large departure from a 
1/v variation in the *®B absorption cross section above 80 keV with values indicated to 
be as much as 30 percent above 1/v at 150 keV. 

Because of the development of the precision long counter for monitoring neutron 
fluxes (refs. 11 and 12) and to verify the accuracy of the widely used Bichsel and Bonner 
data, a program was undertaken using the Battelle -Northwest Van de Graaff accelerator. 
The program consisted of measuring ^B(n, a) counting rate as a function of neutron en- 
ergy using a bare ^BFg counter similar to that used by Bichsel and Bonner. In addition, 
the efficiency of a reproduction of the modified long counter that had been used (ref. 7) 
was measured as a function of neutron energy. The precision long counter was employed 
as the flux monitor for all present measurements. 


EXPERIMENT 

The experiments were performed in the low -scattering room of the Battelle- 
Northwest positive-ion Van de Graaff accelerator. This room is 5. 5 meters high, 

8. 5 meters wide, and 9. 1 meters long and contains a centrally located pit 2. 4 meters 
deep, 6. 1 meters wide, and 6. 4 meters long that is covered with a lightweight aluminum 
grating floor. All measurements were performed 1. 1 meters above this grating floor in 
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a horizontal plane that contains the neutron-producing target that was located over the 
center of the pit. The beam duct extends 4. 3 meters to the center of the room through a 
50-centimeter-thick paraffin shield wall. The beam-bending magnets were located be- 
hind the paraffin shield wall, and the room was free of other concentrations of scattering 
materials. The nearest scattering wall is therefore the concrete floor of the pit which is 
3. 5 meters from the target. 

Monoenergetic neutrons were obtained from charged-particle reactions. The follow- 
ing neutron-producing targets were employed: (1) lithium fluoride on tantalum backing 

o 

for Li(p, n) reactions (target thickness, 30 Mg/cm ); (2) tritium loaded titanium on 

2 

tantalum backing for T(p, n) reactions (target thickness, 500 p g/cm 6 ); and (3) titanium 
deuteride layers on tantalum backing for D(d, n) reactions (target thickness, 310 pg/cm ). 
All tantalum backing thicknesses were 20 mils (0. 508 mm) and the charged-particle beam 
was collimated to 1 centimeter in diameter. The targets were supported by a thin- 
walled stainless- steel holder and cooled by an air jet from a thin aluminum tube. 

The accelerator positive-ion energy was calibrated using the Li(p, n) threshold reac- 
tion at 1. 8812 MeV. Energy control of the accelerator was monitored using a nuclear 
magnetic resonance gaussmeter. 

Figure 1 shows the arrangement of the detectors relative to the neutron-producing 



Figure 1. - Arrangement for calibrating modified long counter 
and bare 10 BF 3 counter against precision long counter. 


3 


target. The precision long counter (PLC-H-1) and either the modified long counter or a 
bare *^BFg counter was positioned at symmetrical angles 6 ^ = relative to the direc- 
tion of the ion beam. The modified long counter or bare ^BFg counter was supported by 
a lightweight aluminum table with the axis of the counter located along a radial line from 
the target. All positioning angles were determined by an instrument carrier. The ra- 
dial positions of the front faces of the modified long counter and the bare 4 ^BFg counter 
were located to ±0. 1 centimeter at each of four positions (values of x in fig. 1). The 
precision long counter was positioned by the instrument carrier at a constant distance 
(x + c) of 100 centimeters, where x is the distance from the source to the front face of 
the *°BFg tube housing and c is the distance from the front face to the effective center 
of detection. 

A discussion of the use of the long counter as an effective point detector is given by 
Allen (ref. 13). Since the long counter is used as a flux monitor and is a large mass of 
paraffin or polyethylene, with a central *®BFg counter, it is necessary to establish at 
what point the counter can be considered to be effectively concentrated. For a fixed 
calibration flux, DePangher (ref. 11) analyzed the counts A for various distances x of 
the precision long counter from the source by applying the following equation: 

A = a + — (1) 

(x + c) 2 

where a, b, and c are constants. This equation treats the count rate of a finite detec- 
tor as equivalent to that of a point detector located x + c centimeters from the point 
source. It presumes that the neutron flux incident on the counter face has the same en- 
ergy and angular variation as the calibration flux and that room -scattered neutrons con- 
tribute a constant count a for all values of x over which the detector is employed. 

Thus, for the precision long counter, PLC-H-1 used herein, DePangher and Nichols 
(ref. 12) found for the same scattering room used in the present experiments, that 

- = 2.5X10' 6 
b 


c = 7.8 + 1. 1 E 


where E is energy in MeV, so that, at x + c= 100 centimeters, equation (1) for a unit 
room -scattered count rate provides 


A = 


1 + 


4x10^ 

10 4 


= 1 + 40 
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and room -scattered neutrons contribute about 2 percent to the count rate of PLC-H-1. 

As a check, a second precision long counter (PLC-H-2) was used as a monitor in pre- 
liminary measurements, while the background response of PLC-H-1 was measured at all 
target angles and for several neutron energies. It was corroborated that backgrounds in 
PLC-H-1 were less than 2 percent for all cases. Subsequent measurements did not in- 
volve this secondary monitor which was removed. 

For the case of *^BFg counters in paraffin moderators smaller than those used in 
the precision long counter and including a paraffin thickness used in the modified long 
counter, DePangher (ref. 14) demonstrated the utility of equation (1) to separate direct 
count rate from that of room -scattered neutrons. 

In the analysis of the present experiments, equation (1) has been applied to the bare 
^BFg counter data to separate counts due to "monoenergetic" incident neutrons from 
counts due to room -scattered neutrons. Because of the finite solid angle subtended by 
the active volume of the ^BFg counter and the anisotropy in yield and energy for the 
neutron-producing target reactions, the data are not monoenergetic. The energy resolu- 
tion of the counter events due to the energy variation of incident source neutrons and 
counter wall scatterings has been calculated and is discussed later. It is shown that, al- 
though the ^BFg and argon gases in the counter are relatively transparent to incident 
neutrons, the brass walls of the counter are relatively thick so that wall scatterings are 
important in distributing the counter events more uniformly within the active volume. 

BARE 10 BF 3 COUNTER 

10 7 7 * 

For detection of B(n, a) 'Li, 'Li* events, a brass BF, neutron counter was used 

10 ^ 

that was filled with gas enriched to 96 percent in B at a pressure of 45 centimeters of 

9 

mercury (59 850 N/m ) and containing additional argon at a partial pressure of 90 centi- 

2 10 

meters of mercury (119 700 N/m ). The BFg counter is shown schematically in fig- 
ure 2. The counter is 2. 54 centimeters in outside diameter with brass walls 0. 089 centi- 
meter thick. The active volume is positioned symmetrically in a 15. 4-centimeter length 
of tube and is 11.4 centimeters long. 

Measurements of the pulse-height distributions for this ^BFg tube clearly showed 

the good resolution of the main peak produced from the *^B(n, o^y^Li* reaction. The 

10 7 

smaller peak produced from the ground-state reaction B(n, Q!q) Li was also clearly 
seen. The method for setting the gain and the bias of the counting system to ensure 
reproducibility has been described in detail in references 11 and 12. Briefly, the 
method for adjusting the gain exploits the good resolution of the *®BFg tube and com- 
pares integral counting rates at two discriminator levels: one a low level chosen at an 
insensitive flat region of the pulse-height distribution and the other a higher level chosen 
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Figure 2. - Radial positions and geometry of brass counter in neutron field. 


at a sensitive rapidly varying part of the main peak of the distribution. If the gain were 
set correctly, the integral counting rates at the two discriminator levels would have a 
fixed ratio. This fixed ratio provided a criterion for maintaining accurately reproducible 
values of low bias integral counting rates. A voltage plateau and a differential pulse- 
height spectrum were taken twice for each counter: once at the beginning of the measure- 
ments and again at the conclusion of the work. There was no observable change in either 
the plateau or pulse-height spectrum over this period. 

Counts were measured at several radial positions from the target for each neutron 
energy using the PLC-H-1 as a neutron flux monitor (see fig. 1). Radial distances to the 
front face of the brass counter were 5, 10, 15, and 20 centimeters, respectively. The 
radial positions and geometry of the BFg counter at 45° to the beam direction are illus- 
trated in figure 2, and the overlapping positions of the active volumes are noted. The 
gas in the counter is about 1 percent of a total mean free path in thickness and is there- 
fore transparent to incident neutrons in the keV region. The brass walls of the counter 
are about 5 percent of a total mean free path in transverse thickness t so that the front 
face of the counter is also relatively transparent to incident neutrons. However, the 
neutrons colliding with the cylindrical walls of the counter see a much thicker slant 
thickness s given by 


s = 


t 

sin c o 


where o> is angle with counter axis. 

Of those incident neutrons traversing the active volume, fractions from 25 percent 
at x of 7 centimeters to 75 percent at x of 33 centimeters collide with the side walls; 
about half of these are isotropically scattered back into the active volume. Scattering 
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collisions with the brass walls slightly alter the energy of the incident neutrons but sig- 
nificantly alter the volume distribution of events in the active volume. 

The counts due to wall-scattered neutrons are calculated to be almost uniform along 
the active volume and to comprise about 20 percent of the direct counts. These calcula- 
tions have been made numerically by dividing the frontal area of the active volume into 
52 unit areas and employing line-of-sight average track length, average neutron energy, 
average source differential yield, and an average reaction cross section for each unit 
area and the solid angle it subtends from the source. 

The results of the calculations for the relative counts of source neutrons and those 
neutrons that are scattered by the counter walls and reenter the active volume are 
shown in figure 3. The distribution of events is for the ^BFg counter in its closest 
position to the source at a distance x of 5 centimeters and for a Li(p, n) target at 45° 
producing neutrons of nominal energy of 124 keV. The calculated distribution shows 
events to have occurred from 101 to 147 keV although 90 percent of all events occur 
within 124±15 keV. The energy resolution has been chosen to be the width at half maxi- 
mum; the energy resolution for the detector including the kinematic effects of the source 
is then 22 keV at a neutron energy of 124 keV. Energy resolutions have been determined 
in the same way for the other neutron energies. 

The neutron -producing targets used were all relatively thin. Most of the data points 



Figure 3. - Calculated distribution of direct and wall- 
scattered counts for IOBF 3 counter at x = 5 centi- 
meters and for neutrons of nominal energy of 
124 keV. 
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were taken using the Li(p, n) source reaction for which the proton energy loss in the tar- 
get was very closely 3. 8 keV for all proton energies. The spread in nominal neutron 
energy for these points varied from 3 percent at the lower energies to 1 percent at 
200 keV. Therefore, the effects of the finite thickness of the target are small. 

Because of the significant contribution of wall- scattered events, the concept of an 
effective center of detection for the bare ^BFg counter, as represented by equation (1), 
may be applied to the measured counts A: 


A = a + — (1) 

(x + c) 2 

where 

a room -scattered background counts 

b direct counts when center of detection is 1 cm from source 
c distance of effective center of detection from front face 

The value of b for the BFo counter is proportional to the product of the neutron flux cp 

10 ^ 
and B(n, a ) cross section a: 



10 B 

cc ‘Pgp 

3 


The value of b for the PLC-H-1 flux monitor is proportional to its calibrated efficiency 
^PLC‘ 


b PLC a ^BFg^PLC 


or 


KL, b BF, 

cr(n, a) « — r\ 

b PLC 


PLC 


Values of ^7p L Q were obtained from experiments performed (ref. 12) with 
accelerator-produced neutrons at 45° and 75° in the same scattering room employed for 
the present experiments. The variation of over the entire range of neutron ener- 

gies studied is small increasing gradually from 0. 95 at 30 keV to 1. 00 at 500 keV. In the 
present experiments the precision long counter (PLC-H-1) was located at a constant dis- 
tance x + c of 100 centimeters from the source with the value of x adjusted with neu- 
tron energy to maintain x + c constant (ref. 12). 
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The counts of the bare ^BFg counter were recorded for a fixed number of counts of 
PLC-H-1 (500 000 counts). The relative direct counts have been converted to boron 
cross sections by normalizing the results below 80 keV to a 1/v variation using an 
*®B(n, a) cross section of 3840 barns at 0. 0253 eV. 

MODIFIED LONG COUNTER 

For detection of the B(n, a) Li, Li* reaction, Bichsel and Bonner (ref. 7) used a 
brass *®BFg counter essentially identical to the one used in the present experiments. In 
their experiments, the front of the counter was located 3 centimeters from neutron- 
producing targets, and the sides of the counter were coated with approximately 0. 5 milli- 
meter of *®B to reduce background due to room -scattered thermal neutrons. The back- 
ground effect was obtained by moving the counter from its position close to the target to 
a position 85 centimeters from the target. It was stated that the largest background from 
room neutrons were observed at a neutron energy of 2 MeV and was measured to be less 
than 10 percent. 

In the important energy range from 20 to 240 keV, neutrons were obtained from the 
^Li(p, n) reaction at 120°. The approximate detector geometry that had been used by 
Bichsel and Bonner is shown in figure 4. Relative neutron fluxes were monitored by a 



Figure 4. - Approximate detector geometry used by Bichsel and 

Bonner (ref. 6) for 10 B (n,a) measurements for neutrons from 
20 to 240 keV. 
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modified long counter presumably located behind the *®BFg counter. The close coupling 
was made possible by the reduced frontal area of the modified long counter. The effi- 
ciency of this counter had been presumed to be flat with energy. For a description of the 
counter used, Bichsel referred to Bonner, et al. (ref. 8) from which the following is 
quoted: 

The neutron detector used was a modified long counter with a paraffin 
moderator 12. 7 cm in diameter and 12. 7 cm long surrounding a BFg counter 
which was 2. 54 cm in diameter and extended to the front face of the paraffin. 

This smaller and more compact counter was used in place of a long counter 
so that considerable angular resolution could be obtained with the counter in a 
position such that its paraffin face was only 12. 7 cm from the target. Under 
such geometrical conditions, the background counts were small in comparison 
to the counts from thin targets of the elements that were investigated. The 
modified long counter does not have an exactly flat response, independent of 
neutron energy; its efficiency for counting 4-MeV neutrons is only 60 percent 
as great as for 1-Mev neutrons. 

The modified long counter deviates considerably from a conventional long counter of 
Hanson and McKibben (ref. 9) in both size and relative energy response. If a calibration 
of the efficiency of this counter were available, the reported boron cross sections of 
Bichsel and Bonner could be corrected for the flat response function that had been as- 
sumed. However, a further source of concern is the close coupling of the BFg counter 
and the modified long counter (fig. 4) and the mutual neutron scattering that can occur. 

The interactions of the brass walls of the BF^ counter and the paraffin of the modified 
long counter introduce scattering effects that may be neutron -energy dependent. Further- 
more, in reference 7, neutrons from 80 to 600 keV were obtained from the Li(p, n) reac- 
tion at 0°. These experiments in the forward direction require a collinear setup of BFg 
counter and modified long counter flux monitor if simultaneous count rates are taken. 

Over this range of neutron energies, significant scattering perturbations to the BF^ count 
rate and to the relative fluxes monitored by the modified counter may have been intro- 
duced. Therefore, the relative cross sections for *®B(n, o')^Li, ^Li* as reported by 
Bichsel and Bonner, even if corrected for the variation of efficiency of the modified 
counter, may still be in error because of the energy-dependent mutual scattering effects 
of the brass ^BFg detector directly in front of the modified long counter in their experi- 
ments. 

In the present experiments, a reproduction of the modified long counter was con- 
structed using an essentially identical 10 BFg tube and surrounding paraffin cylinder. 

The count rate of the counter was measured at each of four radial positions from the tar- 
get for each neutron energy using the symmetrically placed PLC-H-1 as a neutron flux 
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monitor (see fig. 1). Radial distances to the front face of the paraffin cylinder were 20, 
30, 40, and 50 centimeters, respectively. Count rates of the counter were recorded for 
a fixed count of PLC-H-1 (600 000 counts). The direct count rate as a function of neutron 
energy was obtained by applying equation (1) to the data. 

As previously described for the bare *®BFg counter, measurements of the relative 
efficiency for the modified long counter are given by: 


^MLC 


'MLC 


J PLC 


^PLC 


RESULTS 

Table I lists our results for the bare BFg counter for neutron energies from 30 to 
800 keV and the source reaction used. Values of the parameters b and c of equa- 
tion (1) have been obtained by graphical analyses. With the known efficiency of the pre- 
cision long counter and normalization to a 1/v variation below 80 keV, the listed values 

10 B 

of cr(n, cn) are obtained. Table II lists our results for the modified long counter for 
neutron energies from 40 to 3900 keV and the source reaction used. The parameters are 
again obtained by graphical analyses. Values of relative efficiency normalized 

at 120 keV, are listed. 

Figures 5 and 6 illustrate representative analyses for the bare ^BF, counter and 

« 2 

the modified long counter for a nominal neutron energy of 124 keV. A plot of A(x + c) 
against (x + c) should be linear for a reasonable value of c, the distance of the front 
face of the counter to its effective center of detection. There are best values of c that 
result in straight lines for both the bare BFg counter and the modified long counter. The 
slopes of the straight lines correspond to the background counts. The intercepts on the 
ordinates are the values of b with uncertainties corresponding to those in the best value 
of c. The uncertainties in b are obtained by examination of the curvature of the lines 
in figures 5 and 6 for a large range of c. The data shown in figure 5 indicate a change 
in curvature to occur between values of 6. 5 and 7. 0 centimeters and suggest a best value 
for c of 6. 8±0. 2 centimeters. 

For the bare BFg counter data shown in figure 5, 25 000 counts were measured at an 
x of 5 centimeters with the direct count rate about twice the background count rate. For 
the modified counter data shown in figure 6, 4 200 000 counts were measured at an x of 
20 centimeters with the direct count rate 100 times the background count rate. In order 
to check the approximate spectral distribution of the background counts, data at 105 keV 
and at 153 keV were taken with a bare ^BFg tube and with the same *®BFg tube with 
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TABLE I. - RELATIVE CROSS SECTIONS FOR 10 B(n, a) 7 Li, 7 Li* FROM BARE 
1G BF 3 COUNTER AND PRECISION LONG COUNTER FLUX MONITOR 


Neutron 

Source 

Counter 

Effective 

Relative 

Efficiency 

Cross section, 

energy, 

reaction 

angle. 

center of 

10 BF 3 

of flux 

10 R 

B cr(no?), 

E n> 


deg 

detection, 

count 

monitor, 

b 

keV 




c , 


^PLC 






cm 




29±6 

Li(p, n) 

7 

5 

6. 3±0. 2 

44. 0±1. 5 

0.952 

3. 79±0. 13 

39±7 





6. 7±0. 2 

35. 3±0. 9 

.953 

3. 05±0. 08 

44±7 





6. 5±0. 2 

34. 4±1. 0 

.954 

2. 96±0. 09 

58±8 





6. 7±0. 2 

29. 8±0. 7 

.955 

2. 58±0. 07 

58±8 





6. 4±0. 2 

28. 1±0. 9 

.955 

2. 43±0. 08 

67±8 





6. 4±0. 2 

27. 3 i 0. 8 

.956 

2. 36±0. 07 

76±9 





6. 5±0. 2 

25. 8±0. 7 

. 957 

2. 23±0. 06 

80±9 





6. 6±0. 2 

25. 6 i 0. 7 

.958 

2. 21±0. 06 

105±10 



45 

6. 7±0. 2 

23. 5±0. 6 

.961 

2. 04±0. 05 

105±10 



45 

i 

6. 6±0. 2 

22. 5±0.6 

.961 

1. 95±0. 05 

120±11 



60 

6. 6±0. 2 

21. 6±0. 6 

.962 

1. 88±0. 05 

124±11 



45 

6. 6±0. 2 

23. 4±0. 6 

.963 

2. 03±0. 05 

124±11 



45 

6. 8±0. 2 

21. 7±0. 5 

.963 

1. 89±0. 05 

124±11 



30 

6. 9±0. 2 

22. 1±0. 5 

.963 

1. 92 i 0. 05 

141±12 



45 

6. 7±0. 2 

21. 9±0. 6 

.965 

1. 91±0. 05 

141±12 



45 

7. 0±0. 2 

21. 3±0. 7 

.965 

1. 86±0. 06 

153±13 



45 

7. 2±0. 3 

19. 1±0.7 

. 966 

1. 67±0. 06 

158±13 



45 

6. 9±0. 2 

20. 4 i 0. 7 

. 967 

1. 78±0. 06 

169±14 



30 

7. 2±0. 3 

19. 5±0. 7 

.968 

1. 70±0. 06 

181±15 



30 

7. 2±0. 3 

18. 8±0. 6 

.969 

1. 64±0. 06 

183±20 

T(p, n) 

120 

7. 2 i 0. 3 

19. 3±0. 7 

.969 

1. 69±0. 06 

193±15 

Li(p, n) 

30 

7. 2±0. 3 

20. 7±0. 6 

.970 

1. 80±0. 06 

194±20 

T(p,n) 

75 

7. 2±0. 3 

20. 0±0. 7 

.970 

1. 75±0. 06 

217±20 



120 

7. 2±0. 3 

18. liO .6 

.972 

1. 59±0. 06 

442±30 



75 

7. 2±0. 3 

11. 6±0. 6 

.997 

1.05±0.06 

648±50 



45 

7. 3±0. 4 

7. 1±0. 4 

1.015 

. 65±0. 05 

817±70 


f 

45 

7. 3±0. 5 

5. 5±0. 4 

1.020 

. 50±0. 05 


formalized to 1/v below 80 keV. 



TABLE H. - EFFICIENCY OF MODIFIED LONG COUNTER CALIBRATED BY 


PRECISION LONG COUNTER FLUX MONITOR 


Neutron 

energy, 

E n’ 

keV 

Source 

reaction 

Counter 

angle, 

deg 

Effective 
center of 
detection, 
c, 

cm 

Relative 
modified 
long counter 
count 

Efficiency 
of flux 
monitor, 

^PLC 

Efficiency of 
modified long 
counter, 

^MLC 

39 

Li(p, n) 

75 

5. 1±0. 1 
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Figure 6. - Analysis of modified long counter data at detector angle of 45° in various positions 
from Li(p, n) source for neutrons of nominal energy of 124 keV. Room-scattered background 
counts, a, 25 500; direct counts, b, 26. 2±0. 2x10®; distance of effective center of detection 
from front face, c, 5. liO. 1 centimeters. 


sides covered with 20 mils (0. 508 mm) of cadmium. The background count was reduced 
by a factor of about 10 with the cadmium in place indicating the bulk of the room- 
scattered neutrons to be subcadmium. Analysis of both the bare and cadmium covered 
data in the manner described led to identical values of direct counts with slightly better 
precision for the cadmium covered data. The large subcadmium component in the back- 
ground suggests that the assumption of the spatially constant background is a good one. 

Table I indicates the best values of c to increase gradually from 6.3 to 7.3 centi- 
meters over the range of energy; these values are to be compared with the distance of 
the front face of the bare counter to the geometric center of its active volume of 
7. 7 centimeters. Table n indicates the best values of c, measured from the front face 
of the paraffin, to increase gradually from 5. 1 to 6. 5 centimeters; these values are to 
be compared with the distance to the center of the paraffin of the modified long counter 
of 6. 4 centimeters. 

10 R 

The cross sections a(n, a) of table I are shown in figure 7. A significant devia- 
tion from a 1/v variation is indicated above 80 keV with departures of 15 percent at 
140 keV and 20 percent at 220 keV. 


15 



Measured relative efficiency for modified long counter, jj mlc 



Neutron energy, E n , keV 

Figure 7. - Present cross sections for 10 B(n,a) 7 Li, 7 Li* normalized to 1/v variation below 80 keV. 



Neutron energy, E n , keV 

Figure 8. - Measured relative efficiency for modified long counter. 


The measured relative efficiency values for the modified long counter i? M l c °* 
table n are shown in figure 8. There is a large falloff in efficiency below 100 keV and 
above 700 keV. The relative efficiency points at 1 and 4 MeV cited by Bonner (ref. 8) are 
in good agreement with the present results. This efficiency curve is considerably differ- 
ent in shape and in magnitude from the efficiency curve of the same modified long counter 

10 B 

estimated by Bogart (ref. 10); therefore, the quantitative variation of cr(n, a) suggested 
in reference 10 overestimated the departures from 1/v above 80 keV by 10 to 15 per- 
cent. 

Detectors that are similar to the modified long counter are the so-called ’’Bonner” 
spheres calibrated by Bramblett, Ewing, and Bonner (ref. 15). These spheres detect 
neutrons by a small Lil(Eu) scintillator placed at the center of polyethylene moderating 
spheres with sizes ranging from 5 to 30 centimeters in diameter. Pronounced differ- 
ences in the efficiencies for the five spheres were observed. One of the spheres was 
12. 7 centimeters in diameter and, therefore, its neutron response may be compared with 
that of the modified long counter which is a cylinder 12. 7 centimeters in diameter and 
12. 7 centimeters long. This comparison is made in figure 9 in which remarkably simi- 



Figure 9. - Comparison of relative efficiency of modified long counter and Bonner sphere. 
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lar characteristics are observed above 150 keV; below 150 keV, the Bonner sphere sug- 
gests a more gradual falloff in efficiency than the modified counter. Therefore, the 
efficiency curve of the modified counter may be used with an added measure of confidence 
because of the good agreement. 

With the measured efficiency curve of the modified counter, the boron cross sections 
of Bichsel and Bonner (ref. 7) have been corrected and renormalized to a 1/v variation 
at low energies. The corrected data to 1 MeV are shown in figure 10 and lie above a 
1/v line in the 80 to 200 keV region with a departure of 15 percent in the 100 to 150 keV 
region. Above 170 keV, the corrected data fall below the present data. As mentioned 
before, a source of concern in the experiments of Bichsel and Bonner is the collinear 
placement of the ^BFg counter and the modified long counter flux monitor. It is be- 
lieved that significant *^BFg counter scattering and modified long counter backscattering 
effects are present in the data of reference 7 which were not discussed. Therefore, the 
corrected data curves shown in figure 10 may be subject to shape uncertainties in addi- 
tion to that due to the use of a flat efficiency curve for the modified long counter. 



Figure 10. - Cross sections for ^Bln.al^Li/Li* corrected for measured efficiency of modified long 
counter used by Bichsel and Bonner. 
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DISCUSSION 


The available data to 1 MeV for the a) cross section are compared in fig- 

ure 11. In the lower keV region are shown the present data and that of Macklin and 
Gibbons (ref. 3) which have been normalized to a 1/v variation below 80 keV. The 
sphere transmission data of Cox (ref. 2) to 250 keV are independent of an absolute flux 
monitor while the transmission scattering data of Mooring (ref. 1) to 500 keV rely on a 
symmetrically placed carbon scatterer in a counting system identical to that used for 
*^B for monitoring the incident neutron flux. 

In the higher keV region are shown the data of Davis (ref. 6) and the recent data of 
Nellis (refs. 4 and 5); these measurements employ conventional long counters to monitor 
the neutron flux. The long counter used by Davis was constructed according to the recipe 
of Hanson and McKibben (ref. 9) and absolute neutron flux was obtained comparing counts 
with a calibrated plutonium -beryllium source placed 1 meter from the long counter. The 
long counter used by Nellis is a polyethylene long counter of standard size that has been 

calibrated relative to proton recoil telescopes. The *^B(n, a' 1 y) cross sections of Nellis 

10 7 7 ^ 

have been converted to B(n, a) Li, Li* cross sections using the branching ratios of 
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Figure 11. - Comparison of recent measurements and recommended cross sections for 10 B(n,a) 7 Li, 7 Li*. 
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Macklin and Gibbons (ref. 3) to 550 keV (tailed symbols) and the branching ratios of 
Davis (ref. 6) (untailed symbols). These branching ratio measurements differ consider- 
ably above 400 keV. 

The data of Bichsel and Bonner (ref. 7), which cover the entire range to 1 MeV and 
have been corrected for the presently measured efficiency of the unconventional modified 
lpng counter used, are omitted from figure 11 for clarity, but are shown in figure 10. 

It is significant that all data lie above a 1/v line to 200 keV. The data of Mooring 
above 250 keV lie below the 1/v line, reverse, and return to 1/v at 500 keV. The 
data of Cox show the largest upside departures from 1/v from 100 to 170 keV. 

The present data and that of Nellis are in good agreement with our three highest keV 
points providing a region of overlap. The agreement is good regardless of the spread 
caused by the different branching ratios used. A recommended cross-section curve has 
been drawn through these data which lie above the 1/v line to 550 keV. 

The data of Davis are very much lower than the other data. The quoted uncertainty 
of these data below 4. 5 MeV is ±20 percent, however, the real error can be larger for 
energies below 1 MeV. This is based on the results for ^®B(n, t2a) cross sections ob- 
tained from the pulse-height distributions along with the ^B(n, Q! n ) and ^B(n, a*y) re- 
10 u i 

suits. The B(n, t2a) events are seen as a group that is considerably closer to the back- 
ground counts caused by epithermal (n, a) events but is still reasonably well separated at 
the higher energies. However, the values of *^B(n, t2a) cross section reported by Davis 
are compared by him with other published values and found to be considerably lower. 

This suggests that as pulse-height distributions get closer to epithermal components, 
separation of groups may be difficult. For neutron energies below 1 MeV, the separation 
of the *^B(n, a^y) pulses from epithermal may also be difficult and therefore cross sec- 
tions for *^B(n, a^y) may also err in the same manner. 

In regard to the data of Macklin and Gibbons which are below the 1 /v line above 
150 keV, it is noted that their method requires accurate branching ratios. This measure- 
ment is very difficult as attested to by the large scatter in the various branching-ratio 
data they compare. 

It is clear that several levels are present above 100 keV and that it is necessary to 
have a large number of data points in this energy range if the contributions of the broad 
resonance levels are to be discerned. There are at least four energy levels in **B that 
can contribute, and these are indicated in figure 11. The 11. 60- and 11. 85-MeV levels 

7 7 * 

were seen by Bichsel and Bonner in their ‘Li(o!, a) Li measurements and correspond 
to a neutron energies of 140 and 390 keV, respectively, in the *^B + n system. The 
11. 68-MeV level is seen as the broad resonance in their Li(o!, n) B differential mea- 
surements in the forward direction and corresponds to a neutron energy of 220 keV in the 
*°B + n system. These differential measurements were repeated by Mehta, et al. 

(ref. 16) who indicate the cross section to rise from threshold and to exhibit a significant 
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peak in the neighborhood of 4. 7 MeV before rising to the prominent peak at 5. 15 MeV. 
Therefore, these differential data suggest resonance structure at alpha energies near 

4. 7 MeV which corresponds to a level in **B at 11. 68 MeV. The prominent peak at 
5. 15 MeV corresponds to a channel energy of 530 keV in the + n system. Therefore, 
the shape of the 10 B(n, a) cross sections may be the result of resonances at 140, 220, 

390, and 530 keV. 

These level locations were considered in estimating the recommended cross section 
curve represented by the solid line in figure 11. The solid line follows the present data 
to 220 keV; between 220 and 440 keV the solid line is guided by the data of Nellis; above 
440 keV the line represents an average of the present data and that of Nellis. Departures 
from a 1/v variation are noted above 80 keV rising to a 15-percent deviation at 140 keV 
and to a 20 -percent deviation at 220 keV before falling below the 1/v line at 550 keV. 
Above 550 keV, the solid line is about 50 percent higher than the data of Davis, et al. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, June 19, 1968, 
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